A comparative analysis of the lipid compositions and fatty acids in the cytoplasmic membranes of Streptomyces hygroscopicus and its stable cell wall-less L form has been carried out to detect the differences which may be involved in the altered properties of the L-form membranes. Because only quantitative differences could be found (8), we analyzed the lipid components at the molecular level. Electrospray ionization (ESI), collisioninduced dissociation (CID), and tandem mass spectrometry (MS-MS) were used for qualitative detection and quantitative determination of the molecular lipid species in phosphatidylethanolamine (PE1), lyso-cardiolipin (LCL), and cardiolipin (CL). Each phospholipid, isolated by preparative high-performance liquid chromatography showed several homologous molecular ion groups (PE1, four groups; LCL, six groups; CL, six groups) in the negative ESI-MS spectra. The sizes of the peaks represent their relative amounts in the corresponding phospholipid classes. Structural details about individual components of the molecular ion groups were obtained by mass selection and CID with MS-MS. Product ions derived from CID (daughter ions) give information about the molecular weights of the acyl constituents. The qualitative and quantitative compositions of the molecular species were determined by combining the data from the fatty acid pattern obtained by gas chromatography (GC), the relative quantities of the molecular ion groups, and the acyl constituents detected in these molecular ions. Because the ESI-MS-CID-MS data do not allow us to distinguish between n, iso, and anteiso fatty acids of the same molecular weight, it has been assumed that the ratio of these equal-numbered fatty acids determined by GC analysis of the isolated fatty acids is also present in the CID-MS peaks. In this way, 18 species were found in PE1, 43 species were estimated in LCL, and 59 species were ascertained for CL.
The phospholipids play an important role in stability, fluidity, and structural alterations of membranes. A class of phospholipids consists of various molecular species. Because of their importance in the function of biological membranes, there have been many attempts to elucidate the composition of the molecular phospholipid species. However, knowledge about the molecular phospholipid composition of bacteria is, with a few exceptions, still restricted because of difficulties with traditional techniques (1, 5, 14, 15) . Electrospray ionization (ESI) coupled with collision-induced dissociation (CID) and tandem mass spectrometry (MS-MS; i.e., ESI-MS-CID-MS) (4, 11, 12 ) is a relatively new method that has been used for the elucidation of bacterial phospholipid species in only a few cases (17) (18) (19) .
We used this technique to characterize, for the first time, the molecular phospholipid species of streptomycetes. The phospholipids were isolated from purified cytoplasmic membranes of the cell wall-less L form of Streptomyces hygroscopicus. These cells have been grown without a cell wall and a periplasmic compartment for 20 years (6, 7) . The cytoplasmic membrane of these L-form cells took over the functions of the cell wall and became more stable and resistant to environmental stress conditions. A comparative analysis of the lipid components of these L-form membranes and of the membranes of the walled parent strain showed no qualitative differences in the phospholipid classes and the fatty acids. However, clear quantitative differences were obtained (8) . Compared to the parent strain, the L-form membranes contain three to four times more extractable lipids, 20% more phospholipids, and altered proportions of individual phospholipid classes and fatty acids. These data do not allow detection and more precise characterization of those lipid components which contribute to the special properties of the L-form membrane. Therefore, we began an analysis at the molecular level. This paper describes the detection and quantitative determination of the molecular species in phosphatidylethanolamine (PE; specifically, in this study, PE1), lyso-cardiolipin (LCL), and cardiolipin (CL) from cytoplasmic membranes of L-form cells.
MATERIALS AND METHODS
Organism and membrane isolation. The L-form strain of S. hygroscopicus L33-354 has been grown in the cell wall-less state for more than 20 years. For isolating the cytoplasmic membranes, the L-form cells were cultivated in Streptomyces L-form growth medium (SLGM; sucrose, glucose, yeast extract, and mineral salts) (6) under shaking conditions at 28°C for 2 to 4 days. After washing in 0.4 M sucrose and cell lysis, the membranes were isolated by ultracentrifugation as described previously (8) .
Isolation and analysis of phospholipids. Total lipids were extracted by the method of Bligh and Dyer (3) and fractionated by column chromatography (Silica Gel 60; Merck AG, Darmstadt, Germany) into neutral lipids, glycolipids, and phospholipids. The phospholipids were identified and isolated by use of thin-layer chromatography (TLC and two-dimensional TLC [2D-TLC]) and by comparing the R f values with those of reference substances. The standards ␣-diacylphosphatidylethanolamine and CL (Na salt from Escherichia coli) were obtained from Sigma-Aldrich Chemie, Deisenhofen, Germany, and Fluka Biochemika, Neu-Ulm, Germany, respectively. Additionally, special staining procedures (ammonium molybdate, ninhydrin, and rhodamine 6G) have been used.
A high-performance liquid chromatography (HPLC) system (LC-10A; Shimadzu Europa, Duisburg, Germany) equipped with an evaporative light-scattering detector (Varex, Burtonsville, Md.), a fraction collector (FRC-10A), and preparative LiChrospher SI 100 columns (Knauer, Berlin, Germany) was used for isolating the phospholipids in milligram amounts as described previously (8) . All phospholipid fractions obtained by this procedure have been checked for their purity by subsequent 2D-TLC.
The analysis of the fatty acids in the individual phospholipid classes has been carried out after methanolysis in a capillary gas chromatograph (GC-14A; Shimadzu Europa). More methodological details have been described previously (8) .
ESI-MS-CID-MS. The lipids were analyzed by ESI-MS with a Quattro triplestage quadrupole MS (Micromass, Altrincham, United Kingdom) with a nebulizer-assisted electrospray source. Scans were taken in the negative-ion mode over the m/z range of 100 to 2,000. The lipids were dissolved in chloroformmethanol (2:1 [vol/vol]). The pH was maintained at about pH 10, with the solution buffered by ammonia. The samples were injected via a Rheodyne injector (10 l) into a constant stream of chloroform-methanol (2:1 [vol/vol]) containing 5% ammonium hydroxide (28 to 30% NH 3 ). A flow rate of 30 l/min was maintained throughout the analysis via a T7000 HPLC pump (EppendorfBiotronik, Hamburg, Germany). The temperature of the source was approximately 70°C, and the needle potential of the electrospray assemble was set at 2.7 kV.
The last quadrupole was used as a mass analyzer for the daughter ions derived from CID experiments. During these experiments, the selected anions from the first quadrupole collide with argon gas in the collision cell (second quadrupole, rf-only) to induce fragmentation. The Ar pressure and the kinetic energy were varied in all CID-MS measurements to find the optimum for each spectrum. The collision energy was maintained at approximately 80 eV. The CID spectra are the averages of at least 10 scans. The resolution of the MS depends on the molecular mass and was about 2,000 (m/⌬m).
Determination of molecular species. For the calculation of the molecular composition of the phospholipids, the relative amounts of their homologs (molecular weight [MW] groups) were determined (see Tables 2 and 3 ). The peak intensities of the (M-H) Ϫ ions and of the (M-H) Ϫ plus (M-2H) 2Ϫ ions of the ESI-MS spectra (see Fig. 1a and 3 ) directly represent the relative amounts of the homologs because of the soft ionization technique and the subsequent detection of unfragmented molecular ions. CID spectra (daughter ion spectra) of the (M-H) Ϫ or (M-2H) 2Ϫ molecular (parent) ions allowed the identification of the fragment ions (see Fig. 1b to d) , representing the acyl substituents, and the calculation of possible combinations of the fragment ions. In combination with the known qualitative and quantitative fatty acid composition of the individual phospholipid classes obtained by gas chromatography (GC) in identical samples (see Table 1 ), the compositions of the molecular species were calculated. One necessary assumption was that in the case of those fatty acids, which have the same carbon numbers and MW but different acyl chain structures (e.g., 15:0, iso 15:0 [i15:0], and anteiso 15:0 [ai15:0]), the ratios of these fatty acids obtained by GC analysis are also present in the corresponding mass peaks of the CID spectra.
RESULTS
Composition of phospholipids and fatty acids. The proportions of the phospholipid classes in the total phospholipid fractions were estimated by densitometry of 2D-TLC plates and by measuring phosphorus by radiochemical and spectrophotometric methods as described previously (8) . They account for 27% Ϯ 4% for CL, 35% Ϯ 4% for PE1, and 5% Ϯ 2% for LCL of the total phospholipid (means Ϯ maximum deviations). PE is designated as PE1 because a second PE occurs in the phospholipid fraction (8) . This PE2 differs from PE1 in its position on the 2D-TLC plates, in a separate peak in the HPLC chromatogram, in its fatty acid composition, and in its MS data.
For each phospholipid sample analyzed by ESI-MS-CID-MS, the fatty acid composition has been determined by GC. The data from three to five fatty acid analyses for each phospholipid are summarized in Table 1 . The three phospholipids are characterized by the absence of unsaturated fatty acids and by the presence of large quantities of iso-and anteiso- branched fatty acids. C 15:0 and C 17:0 fatty acids predominate and occur as n, iso, and anteiso forms. The ai15:0 and ai17:0 fatty acids were the major components, representing more than 50% of the total fatty acids. The fatty acid patterns of the three phospholipids were similar (Table 1) (8) .
Detection and determination of the molecular phospholipid species by ESI-MS, CID, and MS-MS. (i) PE1. Three main groups of homologs (MWs, 662.3, 676.3, 690.3, and traces of 704) were detectable in PE1. The mass difference of 14 atomic mass units between these groups suggested that the purified PE1 was a mixture of closely related PEs, differing in one CH 2 group. Their peak intensities correspond to their relative amounts (Table 2; Fig. 1a) . The fatty acyl chains and the combinations of the fragment ions were determined by mass selection and CID with MS-MS ( Table 2 ; Fig. 1b to d) . Of 20 possible molecular species, 18 were calculated to occur in quantities higher than 0.2%. There are three major species: n16:0/ai15:0 (12.5%), i16:0/ai15:0 (19.3%), and ai17:0/ai15:0 (28.2%), which together represent more than 60% of all molecular species.
(ii) LCL. The molecule LCL contains three fatty acyl chains. This increases the number of possible combinations among the acyl chains and the number of molecular species. The analysis of LCL by ESI-MS revealed six groups of LCL homologs of (M-H)
Ϫ and (M-2H) 2Ϫ ions with MWs of 1,072, 1,086, 1,100, 1,114, 1,128, and 1,142 (data not shown). After CID of the three main (M-2H) 2Ϫ molecular ions representing the MWs 1,100, 1,114, and 1,128 and simultaneously 92% of the total LCL, the fatty acyl chains and the fragment ion combinations were determined and, subsequently, the relative amounts of the molecular species were calculated. Of 67 possible molecular species, 43 occur in amounts of more than 0.2% of total LCL (Fig. 2) . The major LCL species are ai17:0/ai15:0/ai17:0 (17.4%), i17:0/ai15:0/ai17:0 (12.4%), i16:0/n16:0/i16:0 (6.9%), and i16:0/n16:0/n16:0 (6.0%).
(iii) CL. The molecule CL has four acyl substituents at the two phosphatidylglycerol groups. Therefore, the number of combinations among the fatty acids and consequently the number of molecular species increase considerably, compared to that of PE and LCL. The (M-H) Ϫ and (M-2H) 2Ϫ molecular ions show six groups of CL components with MWs of 1,311, 1,325, 1,339, 1,353, 1,367, and 1,381 (Fig. 3) . The three main MWs of 1,325, 1,339, and 1,353 represent 84% of the total CL. The relative amounts of the molecular species of CL were calculated and are summarized in Table 3 . Of 156 possible molecular species, 59 occur statistically in amounts of more than 0.2% of the total CL. There are only four species with a proportion of more than 5%. The major molecular species were ai15:0/ai15:0/ai17:0/ai17:0 (8.7%), ai15:0/ai15:0/i17:0/ ai17:0 (6.7%), i15:0/ai15:0/ai17:0/ai17:0 (5.2%), ai15:0/ai15:0/ i16:0/ai17:0 (5.5%), ai15:0/ai15:0/n16:0/ai17:0 (4.5%), and i15: 0/ai15:0/i17:0/ai17:0 (4.0%).
DISCUSSION
The first attempts to determine the molecular lipid species and to characterize their role in bacterial membranes were made in the late 1970s by Ishinaga and colleagues (9, 10). and then performed argentation chromatography, elution, and analysis of phosphorus and fatty acids. By this method, only saturated and unsaturated fatty acids were combined. They considered only three to six fatty acids and determined five to eight individual phospholipid species in the total extract from whole cells of Escherichia coli or in phospholipids such as CL, PE, and phosphatidylglycerolphosphate. In other studies, the lipid extracts taken from whole cells were used, and not all fatty acids occurring in these lipids were considered, especially with regard to the branched and cyclopropane fatty acids of equal carbon numbers (2, 13, 16, 18) .
The technique of ESI-MS-CID-MS is a highly sensitive and exact method for analyzing molecular lipid species. It yields more precise information concerning the molecular composition of lipids. In the negative mode, all phospholipid classes with the exception of phosphatidylcholine gave a prominent, singly charged [M-H] Ϫ ion. CID spectra of the MW groups allow us to determine the two acyl substituents, R 1 CH 2 COO Ϫ and R 2 CH 2 COO Ϫ . Our results and those of others (11, 12, 18, 19) show that the number of molecular phospholipid species obtained by ESI-MS-CID-MS is higher than that obtained by other methods.
Prerequisites for the determination of the molecular lipid species are (i) the identification of the phospholipid classes by TLC, (ii) a semipreparative HPLC technique, allowing the isolation of pure phospholipid samples, and (iii) a qualitative and quantitative analysis of the fatty acids by GC. Each sample of the three phospholipids has been analyzed in parallel by GC and ESI-MS-CID-MS. The proportions of fatty acids containing the same number of carbon atoms were shown to be identical to a large extent in PE1, LCL, and CL (Table 4) . This correlation represents the basis for our further calculations and for the detection of the molecular lipid species.
An exact determination of the molecular lipid species, however, still remains difficult. The phospholipids of S. hygroscopicus membranes contain 10 different main fatty acids (Table 1) . There are no unsaturated fatty acids; however, the phospholipids harbor unbranched as well as iso-and anteiso-branched fatty acids of the same carbon number and of the same MW. Without further chemical modifications, the ESI-MS-CID-MS data do not allow us to distinguish between these different acyl chains and their binding position C1 or C2 at the sn-glycerol. Information about these positions can be obtained only after a selective removal of an acyl substituent by phospholipase A2 or by other chemical methods. Furthermore, there are no data available concerning preferred positions of n, iso, and anteiso fatty acids in phospholipids like PE1 and CL derived from bacterial membranes. For that reason, the determination of the molecular species has been undertaken by assuming that the same ratios of the n/iso/anteiso fatty acids, documented by the GC data, also occur in the corresponding fatty acid peaks from the MW groups detected by ESI-MS-CID-MS.
The results show a high diversity of molecular species in the three phospholipids. Although those species representing less than 0.2% of the total were omitted, the numbers of different molecular species are 18 for PE1, 43 for LCL, and 59 for CL (Tables 2 and 3; Fig. 2) . The major components in the PE1, LCL, and CL from the cytoplasmic membranes of S. hygroscopicus are molecular species containing only iso-and anteisobranched fatty acids. This indicates that iso-as well as anteisobranched acyl substituents can be bound at the C-1 and the C-2 positions of the sn-glycerol. The data do not provide information concerning an iso or anteiso preference at the C-1 or C-2 position in those species which contain two of such different fatty acid types. Furthermore, these results lead to the conclusion that the high proportion of molecular species containing exclusively or mostly ai15:0 and ai17:0 fatty acids plays an important role in determining the fluidity of the bilayer. The melting points of these fatty acids are 25 and 38°C, respectively. They should influence the phase behavior and the fluidity of the membrane substantially and might allow their finer regulation at physiological temperatures (8) .
A similar high diversity of molecular species was detected by ESI-MS-CID-MS in other phospholipids as well. Kerwin (12) found 25 molecular species occurring in the PE of the oomycete Lagenidium giganteum, which consisted of nine fatty acids. Yokota et al. (20) detected 10 different species for the 1-(3-sn-phosphatidyl) and the 3-(3-sn-phosphatidyl) moiety of the CL from E. coli. They separated the 1,2-diglycerides containing two fatty acyl chains from the sn-glycerol by treatment with phospholipase C and determined the acetyl substituents by argentation chromatography. Although this method is less sensitive than ESI-MS-CID-MS and only the 1,2-diglycerides containing six different fatty acids were considered, the results show that the acyl chain types are not homogeneously distributed and that several species were found in trace amounts only.
These considerations lead to the conclusion that the high number of different molecular species determined in the three phospholipids is more likely to reflect the real situation in the cytoplasmic membrane than a low number calculated by pre- suming a minimal variation and combination among the fatty acyl chains in the MW groups. If one considers that besides PE1, LCL, and CL, there are six additional phospholipids (PE2, lyso-PE, phosphatidylinositol, phosphatidylinositolmannoside, phosphatidic acid, and dilyso-CL) in the cytoplasmic membrane of S. hygroscopicus (8) , then a total number of between 200 and 300 different molecular phospholipid species should be expected.
Whatever this complexity and diversity among the molecular lipid species means, and what function, if any, each of these molecules serves, is widely unknown. However, the detection of those molecular species which are present in the membrane in substantial amounts opens the way to make them available in larger quantities, also with the help of chemical synthesis, and to investigate specifically their role in the structural and functional organization of the cytoplasmic membrane. 
MS (ESI-MS-CID-MS).
b (M-2H) 2Ϫ parent ion (MW group of CL). c All fatty acid combinations below 0.2% of the total CL (97 of 156 possible combinations) were omitted. They represent 6.5% of the total CL. d Values are calculated to 84%, because 16% of the total CL belong to the three minor molecular groups (Fig. 3) . a Iso-branched, anteiso-branched, and unbranched fatty acids of the same carbon number are not distinguished by MS. Therefore, only the size of the fatty acid chain is specified.
b For comparison with the MS data, the relative amounts of the iso-branched, anteiso-branched, and unbranched fatty acid conformations are added up for each fatty acid chain size. Values are averages of three independent determinations.
c The relative amount of C 14:0 is insufficient for detection by ESI-MS-CID-MS.
